Abstract-On October 5, 1984, the second Shuttle Imaging Radar (SIR-B) was launched into orbit aboard the space shuttle Challenger. SIR-B is part of an evolutionary radar program designed to progressively develop a multifrequency, multipolarization synthetic aperture radar with a variable Earth-imaging geometry. The SIR-B instrument is an upgraded version of SIR-A, with the additional capability of tilting the antenna mechanically to acquire imagery at variable incidence angles ranging from 15°to 60°. The variable look angle capability provided a means of acquiring multiple incidence angle imagery over specific targets on successive days of the mission. These data are being used to classify surface features by their backscatter signatures as a function of incidence angle and for topographic mapping. In addition to the antenna tilt capability, a digital data-handling system was added to increase the dynamic range, the resolution was improved by a factor of two over SIR-A, and a calibration subsystem was added to improve the radiometric accuracy of the data.
I. INTRODUCTION JUST BEFORE sunrise on October 5, 1984 , the second Shuttle Imaging Radar, SIR-B, was launched into orbit aboard Challenger on mission 41-G. SIR-B was an upgraded version of SIR-A, which flew aboard Columbia on its second flight in November 1981. Both SIR-A and SIR-B were L-band (23-cm wavelength) synthetic aperture radars with horizontal (HH)-polarization. SIR-A imaged the Earth at a constant look angle of 470, and data were recorded and processed optically at a resolution of 40 m over a 50-km swath. Improved capabilities added to the SIR-B system included a mechanically tilting antenna, a digital data-handling system, and a doubled bandwidth. The tilting antenna allowed imaging at selectable look angles between 150 and 60°. This new capability provided a means of acquiring multiple-incidence angle imagery over selected targets on successive days of the mission. These data are being used to classify surface features by their backscatter signatures as a function of incidence angles and for stereotopographic mapping. 
II. INHERITANCE AND OBJECTIVES
The long-term goal of the evolutionary imaging radar program is to develop the scientific capability and the associated technology for a spaceborne multifrequency, multipolarization radar with variable imaging geometry in both incidence and azimuth angle that will fly on an extended mission of about 10 years on the Earth Observing System (Eos), the polar platform component of the Space Station. This goal is being accomplished by launching a series of spaceborne radars, each with a more expanded capability than the last. The program began in June, 1978 with the Seasat SAR, a free-flying Earth-orbiting synthetic aperture radar designed specifically to image the ocean [15] , [1] , [8] , [7] .
A fixed look angle of 20°was chosen to provide the greatest sensitivity to subtle changes in the surface topography of the ocean. Seasat flew in a polar orbit at an inclination of 1080 and an altitude of 800 km allowing it to image both ocean and land surfaces. Seasat's power system failed unexpectedly in October 1978, thus ending its short 3.3-month lifetime. However, Seasat provided the first synoptic radar imagery of the Earth's surface. Not only was it a success technologically, but the imagery provided a new means of studying and observing the Earth's surface.
With the arrival of the shuttle, a new, easier means of developing advanced radar systems arose. With the shuttle, cheaper radars could be built and flown for short, proof-of-concept scientific missions and then returned to Earth where the hardware could be upgraded into progressively more advanced systems. Thus the radar program continued in 1981 with the launch of SIR-A aboard the second shuttle flight [2], [3] , [6] , [5] . The main objective of the SIR-A experiment was to acquire radar data over a variety of continental regions in order to further our understanding of the radar signatures of land features.
A 470 look angle was, therefore, selected to provide increased sensitivity to surface roughness and decreased sensitivity to topographic relief.
The SIR-A sensor operated nominally and the full data acquisition capacity of its optical recorder was used. Ten (Fig. 1) . The rate at which radar backscatter decreases with increasing incidence angle is governed primarily by the roughness characteristics of the surface. Surfaces that are smooth relative to the wavelength of the radar will produce a steep backscatter curve while surfaces that are rough will produce a flatter Lambertian backscatter curve. At incidence angles greater than about 300, a rougher surface will produce a stronger radar return than a smooth surface.
Quantifying the characteristic backscatter versus incidence angle response of various surfaces was the purpose of the SIR-B experiment (Fig. 2) [13] , [2] . SIR-B was designed to image selected targets at a number of different incidence angles and use these angle-diversity data to determine the backscatter versus incidence angle character- istics of various terrain types (Fig. 3) . Earlier research had suggested that the backscatter characteristics of different natural surfaces could potentially be used to discriminate different types of terrain. To conduct this experiment, the SIR-B antenna was designed in such a fashion that it could be mechanically tilted in one-degree increments over a 15°to 60°range of look angles.
In order to acquire multiple-angle imagery with an orbiting radar, a very specific orbit altitude was selected. This altitude was almost that required for an exact oneday repeat cycle for the shuttle's ground track, however, it was raised slightly to produce a westward drift (Fig.  4(a) ). Each day when the shuttle flew near a specific tar- get, it drifted farther and farther away requiring a larger and larger look angle to observe a target area (Fig. 4(b) ). This pattern varied depending on the target latitude and longitude relative to the orbit node. It was also possible to use the orbital drift for stereoscopic imaging. Finally, by changing the incidence angle only slighty from day to day, laterally continguous images of large regions could be obtained and subsequently mosaiced together. In addition to the variable look angle capability, SIR-B had a folding antenna (Fig. 5) , an increased bandwidth, and a digital data system. The folding antenna provided more room in the shuttle payload for a deployable satellite, the Earth Radiation Budget Satellite (ERBS), to be carried into orbit. The increased bandwidth improved the range resolution by a factor of two. At a 47°look angle, the resolution improved from 40 m on SIR-A to 20 m on SIR-B. The digital capability was included to allow quantitative, analytical studies of illumination effects on radar backscatter for the first time. The digital system also provided an improved dynamic range and the ability to improve the spatial resolution over that for SIR-A. The digital data system provided a choice of two data transmission routes: 1) through a Digital Data Handling System (DDHS) onboard the shuttle to the ground receiving station at White Sands, NM, via the Tracking and Data Relay System Satellite (TDRSS); or 2) through the DDHS to a 30-Mbit/s recorder mounted in the Challenger flight deck for later transmission via TDRS. The data were then sent via DOMSAT to Goddard Space Flight Center where they were recorded and later flown back to JPL for processing. The data rate through TDRSS for SIR-B was 46 Mbits/s, which could be handled in real time by the Kuband 50-Mbits/s TDRSS link.
Two additional features were also added to enhance the flexibility of the SIR-B system and improve the final image product. First, the number of bits per sample was selectable from 3 to 6. Inasmuch as the downlinked data rate was limited to 46 Mbits/s (TDRS real-time transmission) or 30 Mbits/s (onboard recording), it was possible to select fewer bits per sample in order to increase the swath width of the image or, alternately, to select more bits per sample for more dynamic range but a reduced swath. SIR-B also had an internal radiometric calibrator which would allow data to be calibrated over selected areas.
The SIR-B experiment was launched on the space shuttle Challenger into a nominally circular orbit at an inclination of 570 and an average altitude of 360 km for the first 20 orbits, 235 km for the next 29 orbits, and 225 km for the duration of the 8.3-day mission. The 225-km orbital altitude provided a one-day ground track repeat cycle with a westward drift each day allowing SIR-B to image a given site at a different incidence angle each day of the mission.
In order to acquire imagery on both the north and south side of the shuttle's nadir track, and to improve access to the TDRS satellite, the shuttle was flown in different attitudes. In the nose forward, payload bay to Earth (-ZLV or -Z local vertical), and the tail forward, starboarding wing to Earth attitudes, SIR-B could image on the northern side of the shuttle ground track. In the tail forward, -ZLV, and nose forward, starboard wing to Earth attitudes, SIR-B could image to the south.
III. THE EXPERIMENTS
A team of 43 investigators participated in the SIR-B experiment. The SIR-B investigations include studies in the areas of geology, hydrology, vegetation, oceanography, and cartography, as well as studies on the characteristics of the radar system itself. These investigations were selected on their scientific merit and ability to take advantage of the unique characteristics of the SIR-B radar. Of those chosen, 13 were from foreign countries including Japan, Australia, Sweden, New Zealand, The Netherlands, Germany, England, and Canada. Many of the experiments proposed by U.S. investigators were carried out overseas in collaboration with foreign researchers. Collaborative data analysis programs of this nature were conducted in Egypt, Indonesia, Turkey, Argentina, Bangladesh, Botswana, India, Peru, Brazil, and Saudi Arabia. Two investigations were also carried out in foreign oceans-one along the Agulhas Current off the southeast coast of Africa and along the strong currents off the southwest coast of Chile, and the other in the South Atlantic Ocean off the coast of Antarctica. During the actual mission, some members of the SIR-B Science Team were positioned on ships and in airplanes, and in deserts, farms, and jungles around the world to collect ground truth data in support of their experiments.
These investigators and the titles of their experiments are listed in Table I along with their organizations and IV. MISSION PROBLEMS A number of problems occurred during the SIR-B mission that prevented acquisition of the complete set of planned imagery. The first problem occurred on the first day of the mission after the first SIR-B data take. The Kuband antenna that was used to transmit digital data to the TDRS relay satellite lost its drive mechanism. It began oscillating from side to side making it impossible to track TDRSS. The problem was partially remedied by disconnecting the antenna pointing control and locking the Kuband antenna in a fixed position so that the power could be applied without creating the oscillations. In this locked position, the entire shuttle had to be maneuvered in order to transmit digital SIR-B data to the ground. The new mode of operation for SIR-B then was to acquire 20 min of data on the onboard tape recorder, and then put the shuttle in its TDRSS tracking attitude. Under these circumstances, the total planned data had to be cut by about 80 percent, thus allowing only 8 h of data acquisition versus the 40 h orginally planned.
A second problem resulted in a loss of about 16 dB round trip (8 dB of return signal power) in the antenna feed. A particle in the antenna feed cable was causing arching resulting in a transmitted power that was 8 dB less than planned. A corresponding loss of 8 dB was encountered when the return signal was transmitted back through the antenna. Because of the dynamic range available in the digital data system, it was possible in most cases to boost the gain to partially compensate for this loss in power.
In spite of these problems, a large number of SIR-B targets were imaged sucessfully. Sufficient data were acquired to demonstrate the value of the multiple-angle capability. The final data set (Fig. 6 ) consists of about 8 h of digital data covering about 6.4 million km2 of the Earth's surface.
Two types of multiple-incidence angle experiments were accomplished on the SIR-B flight. A stereoanalysis was made to determine the optimum pair of incidence angle images for generating topographic maps [10] , [I1] .
The digital elevation model generated for the Mt. Shasta, California, region was used to generate perspective views of the mountain (Fig. 7(a) ). Displaying radar imagery from various perspectives is a useful tool for structural geologic mapping. Also, an assessment of the potential for classifying various forest stands using the backscatter signatures as a function of incidence angle was done in the northern Florida region [9] . To visually assess the response of forest stands to radar of different incidence angles, a color composite was generated. The SIR-B image acquired at the steepest incidence angle was colored blue, the one acquired at a medium incidence angle, green, and the one at the highest incidence angle, red (Fig. 7(b) ). The color composite displays the forest stands in a variety of colors, indicating that indeed the response of trees to incoming radiation at different incidence angles can be used to classify the stands.
V. FUTURE PLANS
The data collected during the SIR-B mission illustrate the utility of using multiple incidence angle images to classify terrain types. The next step in the evolutionary radar program is SIR-C. Both a multifrequency and multipolarization capability will be included. SIR-C will add a C-band system to SIR-B's L-band system and will add the capability to transmit and receive any combination of horizontally and vertically polarized signals. An X-band channel will also be supplied by the German Aerospace Research Establishment (DFVLR). Present plans call for two SIR-C missions to occur in different seasons in 1990. SIR-C will be designed such that, with minor modifications, it can be flown aboard the Earth Observing System (Eos) polar platform (Eos Science and Mission Requirements Working Group Report, 1984). The Eos SAR will for the first time have the capability to collect 9 channels of SAR data simultaneously (all three frequencies at all three combinations of polarization), collect long time sequences of SAR data, do extensive mapping over large areas (e.g., the entire Egyptian desert), and collect data simultaneously with visible, infrared, and passive microwave systems.
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